Hallux rigidus is a term used to describe osteoarthritic degeneration of the first metatarsophalangeal (MTP) joint that results in functional and painful limitation of motion at the first MTP joint. The exact causative mechanism underlying the development of this condition is not well understood, but several causative factors have been reported.
to the overlap of the metatarsals, as well as inaccuracies of projection and foot orientation.
Weightbearing computed tomography (CT) is a relatively new imaging modality that can assess limb alignment and rotation with significantly more precision and accuracy than either standard weightbearing radiographs or nonweightbearing CT. 25 In particular, it is being increasingly used to study foot alignment in various foot and ankle conditions 7, 8, 11, 13, 16, [26] [27] [28] with encouraging results. The advantage of CT over standard radiographs includes the ability to perform 3-dimensional (3D) reconstructions, thereby allowing a precise and accurate assessment of each individual bone in the foot without overlap of surrounding bones. In addition, accurate evaluation of MPE with CT imaging must be done in a weightbearing mode in the same manner as standard radiographs.
To our knowledge, no studies to date have used weightbearing CT scans to evaluate foot alignment and MPE in patients with hallux rigidus. The aims of this study were 2-fold. The first aim was to assess foot alignment in patients with symptomatic hallux rigidus using 3D reconstructions from weightbearing CT scans and compare alignment parameters between patients with hallux rigidus and control patients. The second aim was to determine if foot alignment assessment using weightbearing CT has good intraobserver and interobserver reliability. A better understanding of the foot alignment pathology in patients with hallux rigidus is key to identifying the underlying etiology and risk factors. This, in turn, will help surgeons address hallux rigidus more effectively, thereby reducing recurrence and complication rates.
Methods
A prospective study was performed to assess foot alignment in patients with hallux rigidus using 3D reconstructions from weightbearing CT scans. Institutional review board approval and written patient consent were obtained. From September 2014 to August 2015, a total of 50 consecutive patients with symptomatic hallux rigidus (38% male, 62% female) at 1 institution were enrolled in the study. All patients presented with a complaint of first MTP pain and had both clinical and radiographic evidence of hallux rigidus. The mean age in this group was 52.2 (range, 42-75) years. Patients with prior forefoot or midfoot surgery were excluded. All patients in the hallux rigidus group were graded for severity by a fellowship-trained orthopaedic foot and ankle surgeon according to the radiographic criteria of the Coughlin and Shurnas classification. 10 A separate group of 50 consecutive patients without hallux rigidus (42% male, 58% female) who required a weightbearing CT scan for reasons other than hallux rigidus (ie, to assess ankle, tibiotalocalcaneal, subtalar, or triple arthrodesis) served as the control group (Table 1 ). The patients in this control group were selected because they did not have forefoot pathology and had weightbearing CT scans available for review. The mean age in this group was 53.5 (range, 29-81) years. The control group was matched on age and sex to the hallux rigidus group.
CT Imaging and Measurements
All CT scans (pedCAT; Curvebeam, Warrington, PA) were obtained using a standardized technique while having the patient stand in an upright, full weightbearing position. A picture archiving and communication system (PACS) image viewer was used to digitally measure all angles and distances using 3D reconstructions. Two investigators (1 fellowship-trained orthopaedic foot and ankle surgeon and 1 orthopaedic foot and ankle fellow) independently assessed each CT scan for all of the following parameters: (1) first and second metatarsal declination angles, (2) first and second metatarsal lengths, (3) first to second intermetatarsal angle (IMA), (4) hallux valgus angle (HVA), and (5) foot width. IMA and HVA were measured to evaluate for the possible confounding presence of hallux valgus in the hallux rigidus and control groups.
Multiple sagittal and axial cuts in combination with localizer software on the PACS image viewer were used to identify the center of the first and second metatarsal bones. All measurements were done on 3D reconstructions. First and second metatarsal declination angles were measured as the angle between the longitudinal axis of the respective metatarsal bone and the ground in the sagittal plane ( Figures  1 and 2 ). First and second metatarsal lengths were measured as the linear distance between the center of the distal articular surface and the center of the proximal articular surface of the respective metatarsal bone (Figure 3 ). First to second IMA was measured as the angle between the longitudinal axis of the first metatarsal and the longitudinal axis of the second metatarsal in the axial plane (Figure 4 ). Hallux valgus angle was measured as the angle between the longitudinal axis of the first metatarsal and the longitudinal axis of the first proximal phalanx in the axial plane ( Figure 5 ). Last, foot width was measured as the linear distance between the most medial point of the first metatarsal head to the most lateral point of the fifth metatarsal head in the axial plane ( Figure 6 ). The first to second metatarsal declination ratio and the first to second metatarsal length ratio were calculated from the measured angles and distances, respectively. Both investigators independently evaluated each CT scan twice, with the second set of measurements being made 1 month after the index set of measurements.
Statistical Analysis
For each parameter, all 4 measurements were used for statistical analysis. Student t tests were performed to compare each parameter in the hallux rigidus and control groups. To assess intrarater reliability, each value obtained in the first investigator's index set of measurements and his subsequent set of measurements was analyzed using the intraclass correlation coefficient type 1,1 (ICC1,1). To assess interrater reliability, each value obtained in the first investigator's index set of measurements and the second investigator's index set of measurements were subjected to statistical analysis using the intraclass correlation coefficient type 3,1 (ICC3,1). ICC values less than 0.50, between 0.50 and 0.75, between 0.75 and 0.90, and greater than 0.90 were indicative of poor, moderate, good, and excellent reliability, respectively. 17 The effect of increasing severity of hallux rigidus on MPE was assessed using pairwise Student t tests to compare first metatarsal declination angles among the 4 Coughlin and Shurnas grades of hallux rigidus. Statistical significance was set at the P = .05 level.
Results

CT Assessment of Hallux Rigidus Foot Alignment
A summary of all measured CT parameters is given in Table  2 . The average first metatarsal declination angle was 20.1 (range, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] degrees in the hallux rigidus group and 25.0 (range, 19-30) degrees in the control group. The average second metatarsal declination angle was 24.8 (range, 19-30) degrees in the hallux rigidus group and 27.0 (range, 21-36) degrees in the control group. With the numbers available, patients with hallux rigidus had a significantly decreased first to second metatarsal declination ratio (mean, 0.81; range, 0.67-0.96) compared with the control group (mean, 0.92; range, 0.73-1.15; P < .001).
The average first metatarsal length was 62.4 (range, 53.3-70.3) mm in the hallux rigidus group and 62.0 (range, 53.1-68.5) mm in the control group. The average second metatarsal length was 75.3 (range, 63.7-83.6) mm in the hallux rigidus group and 75.0 (range, 63.5-83.1) mm in the control group. With the numbers available, there was no significant difference in first to second metatarsal length ratio between the hallux rigidus group (mean, 0.83; range, HVA was significantly lower in the hallux rigidus group (mean, 11 degrees; range, 4-27 degrees) compared to the control group (mean, 15 degrees; range, 4-26 degrees; P = .04). However, there was no significant difference in first to second IMA between patients with hallux rigidus (mean, 13 degrees; range, 7-18 degrees) and the control patients (mean, 12 degrees; range, 2-23 degrees; P = .057). There was also no significant difference in foot width between the hallux rigidus group (mean, 91.5 mm; range, 77.1-106.9 mm) and the control group (mean, 84.0 mm; range, 72.7-101.7 mm; P = .069).
Overall, patients with grade 3 and 4 hallux rigidus according to the Coughlin and Shurnas classification had a significantly more inclined first metatarsal (ie, decreased declination angle) than patients with grade 1 and 2 hallux rigidus (Table 3 ). Patients with grade 1 hallux rigidus had a significantly less inclined first metatarsal (mean declination angle, 23.1 degrees; range, 20-25 degrees) than patients with grade 2 (mean declination angle, 21.0 degrees; range, 18-25 degrees; P = .005), grade 3 (mean declination angle, 18.5 degrees; range, 16-22 degrees; P = .008), and grade 4 (mean declination angle, 17.6 degrees; range, 16-20 degrees; P = .008) hallux rigidus. Patients with grade 2 hallux rigidus had a significantly less inclined first metatarsal than patients with grade 3 (P = .002) and grade 4 (P = .003) hallux rigidus. However, with the numbers available, there was no significant difference in first metatarsal declination between patients with grade 3 and grade 4 hallux rigidus (P = .09).
Intraobserver and Interobserver Reliability
Intraobserver reliability (ICC1,1 ≥ 0.93) was excellent for all measured parameters (Table 4) . Interobserver reliability (ICC3,1 > 0.90) was excellent for first to second metatarsal declination ratio and first to second IMA. Interobserver reliability was good for first to second metatarsal length ratio (ICC3,1 = 0.89), HVA (ICC3,1 = 0.90), and foot width (ICC3,1 = 0.85).
Discussion
The role of MPE in the pathogenesis of hallux rigidus has been debated since its first description by Lambrinudi in 1938. 18 A hypermobile first metatarsal with an excess range of dorsiflexion at the first MTP joint was first proposed as a hereditary causative factor in the pathogenesis of hallux rigidus. 18 While multiple authors supported this opinion, 2, 3, 5, 6 others found MPE to be a nonspecific radiographic variation that was also present in patients without hallux rigidus, thus arguing against a causative role of MPE. 4, 15, 23 Thus, the relationship between MPE and hallux rigidus has remained controversial with no general consensus among foot and ankle surgeons.
Meyer et al 23 measured first metatarsal elevation as the linear distance between the dorsal aspect of the first and second metatarsals at the surgical necks and reported that a mean first ray elevation of approximately 7 mm was a consistent radiographic finding in patients with and without hallux rigidus. Subsequently, Horton et al 15 presented a method for measuring elevation of the first ray using standard lateral weightbearing radiographs. MPE was assessed by elevation of the first metatarsal above the second metatarsal, first metatarsal declination angle, and first to second metatarsal declination difference. Their findings that a mean value of 8 mm of vertical elevation of the first metatarsal was a normal radiographic finding in patients with and without hallux rigidus suggested that MPE was unlikely to be a primary cause of hallux rigidus. The other measured parameters in their study-namely, first metatarsal declination angle and first to second metatarsal declination difference-were also not significantly different between patients with and without hallux More recently, however, Bouaicha et al 3 presented a novel method of determining MPE using standard lateral weightbearing radiographs by fitting a circle in the metatarsal head and measuring the vertical distance between 2 points on the first and second metatarsals, respectively, where lines tangent to the metatarsal shaft intersected with the circle. They found that MPE was significantly greater in patients with hallux rigidus and proposed that MPE of greater than 5 mm is a predictive factor for the presence of hallux rigidus. However, they were unable to explain the underlying mechanism of MPE, and the study was limited by the use of patients with hallux valgus deformity and Morton neuroma as the comparison group and control group, respectively. In addition, the hallux valgus and control groups were significantly unbalanced compared to the hallux rigidus group with regard to sex distribution, which may have affected the results. A review of the literature demonstrated that there is currently no reliable and validated threshold value to define pathologic MPE. 3, 15, 23 Previous studies examining the relationship between hallux rigidus and MPE, including those described above, have been based on standard 2D radiographs. Accurate assessment of MPE can be limited on 2D radiographs due to the overlap of metatarsal bones on lateral views. Weightbearing CT scans are a fairly new imaging modality that has gained popularity in recent years, especially in the study and evaluation of foot and ankle conditions. 7, 8, 11, 13, 16, [26] [27] [28] The advantage of weightbearing CT scans is the ability to assess limb alignment and rotation with significantly more precision and accuracy than standard radiographs. 25 In addition, upright weightbearing position has been shown to alter foot alignment compared to supine nonweightbearing position in CT imaging. 14 To our knowledge, no studies to date have used weightbearing CT scans to evaluate foot alignment in patients with hallux rigidus. The image quality of the weightbearing CT scanner (pedCAT; Curvebeam) in this study was excellent. Multiplanar 3D reconstructions enabled precise and accurate determination of angles between metatarsal bones and lengths of metatarsal bones without obscuration from surrounding bones. With good to excellent intraobserver and interobserver reliability, weightbearing CT scans proved to be a reliable method of assessing forefoot angles and bone lengths.
Based on the numbers available in this study, patients with hallux rigidus had a decreased declination ratio of the first to second metatarsal, consistent with the presence of MPE. MPE correlated with the severity of arthritis, as demonstrated by patients with grade 3 and 4 hallux rigidus having significantly greater first metatarsal declination and more MPE than patients with grade 1 and 2 hallux rigidus. We hypothesize that with a higher grade of hallux rigidus, the plantar fascia windlass mechanism no longer functions. The hallux plantar plate contracts, thus limiting hallux dorsiflexion and forcing the first metatarsal into MPE as a secondary phenomenon. This suggests a lack of association between MPE and first ray hypermobility.
An abnormally long first ray has also been proposed as a causative factor of hallux rigidus. 24 With 3D CT reconstructions, the true length of the first metatarsal could be accurately measured and our results demonstrated no significant difference in first to second metatarsal length between the hallux rigidus and control groups. Hallux rigidus, however, may be related to the "functional" length of the first ray (ie, the length that sustains load), which may be a function of both the absolute length of the metatarsal and the declination angle.
Last, both groups had an IMA of more than 9 degrees, concerning for a possible confounding presence of hallux valgus. There was an inconsistent relationship between IMA and HVA in the 2 groups, with the hallux rigidus group having a larger IMA but smaller HVA. It is possible that first tarsometatarsal instability may present in 2 different forms-sagittal and coronal. The former may lead to MPE, whereas the latter may lead to bunion deformity. In light of our findings, a clear correlation-or lack thereof-between hallux rigidus and hallux valgus was not observed. While it may be possible that bunions lead to hallux rigidus, it is also possible that hallux rigidus leads to bunions. Therefore, a definitive conclusion cannot be drawn at this time. Future studies are needed to specifically investigate the relationship between hallux rigidus and hallux valgus.
One limitation of this study is the use of patients who underwent weightbearing CT scans for assessment of ankle, tibiotalocalcaneal, subtalar, or triple arthrodesis as the control group. This, unfortunately, does not represent a truly "healthy" foot control group, as patients with prior hindfoot or ankle surgery may have unrecognized forefoot abnormalities as well, which could have affected the measurements in our control group. However, we were not able to include patients with a truly "healthy" foot, as it would not be ethical to expose patients to medically unnecessary radiation. We did, however, adhere strictly to the exclusion criteria that patients who were surgically treated for forefoot or midfoot conditions were excluded. Future studies should include a larger number of asymptomatic patients without prior foot or ankle surgery as the control group.
Conclusions
We found patients with hallux rigidus to have significantly decreased first to second metatarsal declination ratios, indicating the presence of MPE. Patients with grade 3 and 4 hallux rigidus had more MPE than patients with grade 1 and 2 hallux rigidus. There was an inconsistent relationship between IMA and HVA in the 2 groups, with no clear correlation or lack thereof between hallux rigidus and hallux valgus. With good to excellent intraobserver and interobserver reliability, weightbearing CT scans proved to be a reliable method of assessing foot alignment in patients with hallux rigidus. Weightbearing CT scans allow the surgeon to use 3D reconstructions to evaluate foot alignment preoperatively more precisely and accurately than with standard 2D radiographs, which may prove to be clinically valuable in the future for preoperative planning and operative decision making. Future studies with weightbearing CT can evaluate whether cheilectomy corrects MPE and changes first metatarsal declination in patients with hallux rigidus.
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